The soil-borne fungal pathogen Verticillium dahliae infects a wide range of dicotyledonous plants including cotton, tobacco, and Arabidopsis. Among the effector proteins secreted by V. dahliae, the 16 kDa PevD1 induces a hypersensitive response in tobacco. Here we report the high-resolution structure of PevD1 with folds resembling a C2 domain-like structure with a calcium ion bound to the C-terminal acidic pocket. A yeast two-hybrid screen, designed to probe for molecular functions of PevD1, identified Arabidopsis asparagine-rich protein (NRP) as the interacting partner of PevD1. Extending the pathway of V. dahliae effects, which include induction of early flowering in cotton and Arabidopsis, NRP was found to interact with cryptochrome 2 (CRY2), leading to increased cytoplasmic accumulation of CRY2 in a blue light-independent manner. Further physiological and genetic evidence suggests that PevD1 indirectly activates CRY2 by antagonizing NRP functions. The promotion of CRY2-mediated flowering by a fungal effector outlines a novel pathway by which an external stimulus is recognized and transferred in changing a developmental program.
Introduction
Field plants are constantly challenged by a combination of abiotic and biotic stresses (Kissoudis et al., 2014) . In order to survive and reproduce, plants have to evaluate the stress conditions in a timely manner and respond appropriately (Hirayama and Shinozaki, 2010; Kissoudis et al., 2014) .
In the case of biotrophic pathogen invasion, localized cell death, termed the hypersensitive response (HR), is promptly induced at the infection site to restrict nutrient loss and the spread of pathogens (Spoel and Dong, 2008) . Meanwhile, systemic acquired resistance (SAR) is elicited at the infected tissues, which then spreads to the rest of the plant and is longlasting (Kachroo and Robin, 2013) . Apart from the defense reactions, stressed plants may change their developmental programs, such as flowering time. For example, tomato plants infected with phytoplasma fail to complete their floral transition (Wei et al., 2013) . In contrast most Arabidopsis accessions infected with the fungal vascular pathogen Verticillium dahliae flower earlier (Veronese et al., 2003) . Arabidopsis plants treated with the bacterial pathogen Pseudomonas syringae elicitor, flg22, also shorten their clock period (Zhang et al., 2013b) .
Recent studies have established several critical links between light, circadian clock, and pathogenesis-related (PR) gene-mediated resistance to various pathogens (Roden and Ingle, 2009) . The red/far-red-light photoreceptors phytochromes A and B are required for salicylic acid-induced PR gene expression (Genoud et al., 2002) and induction of SAR (Griebel and Zeier, 2008) . The blue-light photoreceptors cryptochrome 2 (CRY2) and phototropin 2 have both been found to be required for preventing the turnover of the resistance (R) protein HRT (Jeong et al., 2010) . Cryptochrome 1 (CRY1) positively regulates R protein-mediated immune response against P. syringae by inducing PR gene expression (Wu and Yang, 2010) . Mis-expression of clock genes such as circadian clock-associated 1 (CCA1), late and elongated hypocotyl (LHY) compromises basal and R-gene-mediated resistance to P. syringae and/or the oomycete pathogen Hyaloperonospora arabidopsidis (Wang et al., 2011; Zhang et al., 2013b) . Nevertheless, only a few protein-protein interaction-based signaling pathways that link effector proteins to clock components have been established.
The soil-borne fungal pathogen V. dahliae can infect over 200 dicotyledonous plant species and induce vascular wilting disease that leads to yield loss worldwide (Miao et al., 2010) . Germination of conidia can be observed within hours after inoculating Arabidopsis roots with V. dahliae, and the resulting hyphae penetrate into the roots within 48 h post-inoculation (Zhao et al., 2014) . Within 5 d a hyphal net can be observed in the xylem of the root (Zhao et al., 2014) . During the process V. dahliae secrets hundreds of proteins, of which dozens have been shown to be involved in pathogen-host interaction (Campbell, 1989) . Unfortunately, apart from a group of cellulose degrading enzymes (St Leger et al., 1997) , pathological functions of most effectors remain unknown. Of the known V. dahliae effectors, Ave1 was identified as acting through the Ve1 receptor in both Arabidopsis and tomato. Ave1 activates immune response in plants containing the Ve1 gene, which are resistant to wilting. In contrast, Ave1 enhances virulence in Ve1-null plants that are susceptible to V. dahliae (de Jonge et al., 2012) . Another V. dahliae effector, VdIsc1, can suppress salicylate-mediated innate immunity in plants by acting as an isochorismatase (Liu et al., 2014) .
We recently identified a new V. dahliae effector, PevD1 (Han et al., 2012) . It elicits HR in tobacco (Wang et al., 2012) and induces SAR to tobacco mosaic virus (Wang et al., 2012) . Nonetheless, the underlying molecular mechanism remains to be discovered.
To elucidate the biochemical and genetic basis of PevD1-induced pathological and physiological changes in planta, we searched for PevD1 interacting partners by yeast two-hybrid (Y2H) screens. The asparagine-rich protein (NRP) was identified as a PevD1-interacting protein in Arabidopsis, and a consecutive Y2H identified CRY2 as an NRP-interacting component.
NRP was originally found to be activated as a component of the early pathogen response in soybean (Ludwig and Tenhaken, 2001; Hoepflinger et al., 2011) . Expression of the protein is also induced by endoplasmic reticulum stress in soybean (Costa et al., 2008; Hoepflinger et al., 2011) . Further study in Arabidopsis revealed that NRP is unregulated in response to various stress conditions (Hoepflinger et al., 2011) . NRP is composed of two domains. The N terminus is rich in asparagine, and the C terminus contains a development and cell death (DCD) domain, which is highly conserved throughout the plant kingdom and postulated to be involved in cell death (Tenhaken et al., 2005) . Recently, NRP was shown to serve as a signaling center in endoplasmic reticulum stress, osmotic stress, drought, and leaf senescence, and the NRP-mediated cell death signaling pathway is likely conserved in the plant kingdom (Reis et al., 2016) .
Numerous studies have revealed versatile functions of cryptochromes, including CRY2, in mediating the circadian rhythm, stomata opening, guard cell development, stress response, cell cycle, programmed cell death, fruit and ovule development, and seed dormancy (Yu et al., 2010) . CRY2 senses blue light and predominantly regulates photoperiodinduced flowering. CRY2 transgenic plants flower early in short days and cry2 mutants flower late in long days . By regulating the activation of downstream flowering genes, such as CONSTANS (CO), FLOWERING LOCUS T (FT), and SUPPRESSION OF OVEREXPRESSION OF CO 1 (SOC1) (Yoo et al., 2005) , CRY2 has an essential role in flowering time control of Arabidopsis. In recent years, two mechanisms underlying CRY2-mediated floral transition have been revealed. One is that CRY2 interacts with the COP1-interacting protein SUPPRESSOR OF PHYTOCHROME A 1 (SPA1) in a blue light-dependent manner, and SPA1 acts genetically downstream of CRY2 to regulate blue light suppression of the COP1-dependent degradation of CO (Zuo et al., 2011) . The other mechanism involves the blue light-dependent physical interaction of CRY2 with the CRY POCHROME-INTERACTING BASIC-HELIX-LOOP-HE LIX (CIB) transcription factors that directly activate FT transcription (Liu et al., 2008; Liu et al., 2013; Liu et al., 2016) . As the central regulator of flowering, CRY2 is also involved in the process of pathogen infection. For example, CRY2 is required for preventing the turn-over of the R protein HRT (Jeong et al., 2010) .
So far, CRY2 has been considered to exclusively function in the nucleus, where it can be phosphorylated for activation in a blue light-dependent manner, and then ubiquitinated and degraded (Guo et al., 1999; Kleiner et al., 1999; Yu et al., 2007; Zuo et al., 2012) . In this report, we found that NRP could tether CRY2 in the cytoplasm and change its function, demonstrating that CRY2 might be localized outside the nucleus under certain conditions. We also suggest that a PevD1-NRP-CRY2 pathway may be responsible for the early flowering phenotypes observed in cotton and Arabidopsis following V. dahliae infection.
Methods
Protein expression, crystallization, and structural determination of PevD1 Protein expression, purification, crystallization, data collection and structural determination were performed as described previously (Han et al., 2012) . PHENIX was used for refinement, and a calcium ion was determined based on electron density and surrounding environment. The results of data collection and structural determination are summarized in Supplementary Table S1 at JXB online.
Immunostaining of PevD1
Roots of seedlings infected with V. dahliae for a week were used to perform the immunostaining assay, according to the method described previously (Friml et al., 2003) . The anti-PevD1 antibody was generated by immunizing rabbits with purified PevD1 and was purified by Protein A resin. The specificity of the antibody was detected and confirmed to be suitable for experimental use. The second antibody, goat anti-rabbit IgG (H+L) conjugated with Rhodamine Red-X, was purchased from Jackson ImmunoResearch Laboratories.
Yeast two-hybrid assay
Yeast two-hybrid (Y2H) experiments were performed with the Matchmaker™ Gold Yeast Two-Hybrid System as described by the manufacturer (Clontech). Matchmaker™ Pre-transformed libraryUniversal Arabidopsis was purchased from Clontech. PevD1 and NRP were used as bait proteins independently.
Bimolecular fluorescence complementation
The NRP gene was cloned into the pSPYNE173 vector, and PevD1 and CRY2 genes were cloned into pSPYCE (M) vector. As a result, NRP was fused to the N-terminal part of yellow fluorescent protein (YFP; NRP-YN), and PevD1 and CRY2 were fused to the C-terminal part of YFP (PevD1-YC, CRY2-YC). These constructs were then introduced into Agrobacterium tumefaciens strain GV3101. Fiveweek-old tobacco (Nicotiana benthamiana) plants were inoculated on leaves with transformed Agrobacterium according to protocols described previously (Schütze et al., 2009) . Fluorescence generated by protein interaction was visualized under a Leica TCS SP8 confocal microscope at a wavelength of 550 nm.
In vitro pull-down assay 6×His tagged PevD1 and glutathione S-transferase (GST)-fused DCD domain of NRP expressed and purified from E. coli were used for a GST pull-down assay, and retaining bands on glutathione (GTH)-Sepharose were detected by both anti-6×His antibody and anti-GST antibody. To check the interaction of NRP and CRY2, the GST-fused DCD domain of NRP was used to carry out a GST pulldown assay against green fluorescent protein (GFP)-fused CRY2, which was extracted from GFP-CRY2 transgenic plants , and the retaining bands on GTH-Sepharose were detected by both anti-GFP antibody and anti-GST antibody.
Plant growth condition and generation of transgenic plants
The mutants and transgenic lines of NRP (NRP-GFP, nrp) and CRY2 (GFP-CRY2, cry2) were generous gifts of Drs Raimund Tenhaken (University of Salzburg, Austria) and Hongtao Liu (Institute of Plant Physiology and Ecology, Chinese Academy of Sciences). The PevD1-RFP and NRP-RFP fused genes were cloned into pCAMBIA1302 vector, PevD1-RFP was introduced into the Arabidopsis thaliana ecotype Columbia (Col) or cry2 mutant, and NRP-RFP was introduced into the GFP-CRY2 transgenic lines (in Col background) by the floral dip transformation method (Zhang et al., 2006) . The seeds were harvested, surface sterilized in 75% ethanol solution, kept at 4 °C for 3 d for vernalization, then screened using 25 mg l −1 hygromycin or 0.1% glufosinate (Basta). To observe the phenotypes, the seeds were sown into compound soil directly. About nine plants were grown per cup under cool white fluorescent lights with an approximate irradiance of 110 μmol m −2 s −1 for a 16-h day and 8-h night period. Temperature was maintained at 22 °C. For blue light stimulation, the plants were exposed under blue light diodes with an approximate irradiance of 5 μmol m −2 s −1 at λ max 469 nm for 20 min before digestion.
Immunoprecipitation assay by GFP-Trap
Four-week-old plants were harvested and homogenized in 10 ml of protein extraction buffer (10 mM MgCl 2 , 150 mM NaCl, 50 mM Tris-HCl pH7.5, 1 mM phenylmethylsulfonyl fluoride, 0.5% Triton X-100, 2% β-mercaptoethanol) with a mortar. The homogenate was centrifuged at 13 800 g for 15 min. The supernatant was concentrated into 500 μl and mixed with GFP-Trap beads (GFP-Trap ® _A, Chromotek) for 40 min. The beads were collected by centrifugation at 5000 g for 2 min, and then washed twice with washing buffer (10 mM Tris-HCl pH7.5, 150 mM NaCl, 0.5 mM EDTA). The GFP-Trap beads were resuspended in 100 μl PBS, and prepared with SDS loading buffer for western blot.
Arabidopsis root inoculation with V. dahliae
Seven-day-old Arabidopsis (Col-0) seedlings grown on 1/2 MS medium in Petri dishes were inoculated with 2 µl drop of conidial suspension (2 × 10 5 conidia ml −1
), then transplanted into soil 3 d later. Uninfected controls were treated with a 2 µl drop of water at the same time. The culture and phenotype observation that followed were the same as above. Hyphae of V. dahliae were grown on potato dextrose agar. Conidia were harvested 5 d later by flooding the surface of plates with sterile distilled water, and then filtered through two layers of sterile cheesecloth (Veronese et al., 2003) .
Localization of CRY2 and colocalization of NRP and CRY2
For localization observation of CRY2, the GFP-CRY2 or NRP-RFP GFP-CRY2 transgenic plants were grown. Fluorescence was visualized under a Leica TCS SP8 confocal microscope at wavelengths of 488 nm and 561mm for GFP and red fluorescent protein (RFP), respectively. For colocalization observation on N. benthamiana, CRY2 was cloned into pCAMBIA1302 to generate 35S:GFP-CRY2. NRP was cloned into a modified pCAMBIA1302 vector with RFP replacing GFP to generate 35S:NRP-RFP. The constructs were transformed into Agrobacterium tumefaciens strain GV3101. After the inoculation of agrobacteria on 5-week-old N. benthamiana leaves, fluorescence was visualized as above (Schütze et al., 2009) .
Fractionation of plant cells
Four-week-old Arabidopsis rosette leaves were cut into 1 mm pieces. All samples were soaked in a digestion system (1.5% Driselase, 0.4 M mannitol, 20 mM KCl, 10 mM CaCl 2 , 0.1% BSA, 5 mM β-mercaptoethanol, 20 mM MES, pH 5.7) for 4 h at room temperature. The whole system were diluted by cold equal volume of W5 buffer (154 mM NaCl, 125 mM CaCl 2 , 5 mM KCl, 5 mM glucose, 2 mM MES, pH 5.8), and were filtered through three layers of gauzes to collect protoplasts. The collected protoplasts were resuspended in 10% W5 buffer and vortexed for 1 min. The cytoplasm and nucleus were then separated by centrifugation at 300 g for 5 min. CRY2 was detected by a polyclonal antibody from Santa Cruz Biotechnology.
FM4-64 staining
Seven-day-old seedlings (infected or uninfected) were immersed in 17 μM FM4-64 solution for 3 min on ice in the dark. Subsequent to an extensive wash in water four times, the seedlings were incubated in 1/2 MS liquid culture and collected at 10 or 40 min. The roots of seedlings were then observed under a Leica TCS SP8 confocal microscope at a wavelength of 515 nm.
RNA extraction, RT-PCR, and quantitative RT-PCR analysis
Small scale RNA extractions were performed with TRIzol reagent (Invitrogen) following the manufacturer's instructions. Reverse transcription (RT) and first strand cDNA synthesis were carried out using TransScript First-Strand cDNA Synthesis SuperMix (Transgene). Quantitative RT-PCR was carried out using standard procedure as described (Pfaffl, 2001 ) and UBQ10 expression levels were used as internal controls for normalization. Forty amplification cycles including 95 °C for 15 s, 60 °C for 10 s, and 72 °C for 60 s were used. Cycle threshold values were calculated by Realplex 2.2. The primers used in these experiments are summarized in Supplementary  Table S2 .
Results

Crystal structure of PevD1 reveals a C2 domain-like folding
To gain structural insights into the molecular functions of PevD1, the protein was crystallized. The crystal structure of PevD1 up to 1.85 Å resolution revealed a 10-β-strand β-barrel (Fig. 1A) , reminiscent of a C2 domain or lectin fold. A DALI search based on similarity of three-dimensional structure revealed that PevD1 has considerable similarities to the C2 domains of synaptotagmin and phosphatidylinositol-4,5-bisphosphate 3-kinase with a Z-score of 4.2 (PDB code 1W16 and 3PS6, respectively) (Fig. 1B, C) . The C2 domain is involved in targeting proteins to membranes, and its lipidbinding property is often mediated by coordinated calcium ions (Corbalan-Garcia and Gómez-Fernández, 2014) . Indeed, a calcium atom was identified in an acidic patch on the surface of PevD1 (Fig. 1D) , which is coordinated by the carbonyl oxygen of Tyr116, Leu148, OD1 in the side-chain of Asp146, and a chloride ion (Fig. 1E) , reminiscent of calcium coordination in the canonical C2 domain. Further, the atomic absorption spectrum confirmed the presence of calcium in the protein. Interestingly, the β-barrel core of PevD1 has a similar fold to a previously reported structure of an ethylene-inducing peptide 1 (Nep1)-like protein (NLP), an elicitor protein isolated from the phytopathogenic oomycete Pythium aphanidermatum (Ottmann et al., 2009a) , despite PevD1 being much shorter (~155 residues) than NLPs (~230-260 residues) (Fig. 1F) .
The interaction of PevD1-NRP and NRP-CRY2
To study the pathological roles of PevD1, a yeast two-hybrid (Y2H) screen was carried out. NRP (At5g42050) was identified repeatedly as PevD1-interacting. Then, in a consecutive screen for NRP-interacting partners, CRY2 was recovered repetitively ( Supplementary Fig. S1 ). The bimolecular fluorescence complementation assays in tobacco leaf epidermal cells and in vitro GST pull-down assays further confirmed these interactions ( Fig. 2 and Supplementary Fig. S1 ). Since the purified CRY2 from E. coli is known to be inactive (Worthington et al., 2003) , the pull-down assay for CRY2-NRP was performed with transgenic GFP-CRY2 plants.
Since V. dahliae hyphae are known to penetrate root cells and PevD1 is a secreted protein, we postulated that PevD1 secreted by the fungus may enter the cytoplasm of root cells. To confirm this, immunostaining with anti-PevD1 antibodies was carried out in Arabidopsis roots infected with V. dahliae. Laser confocal scanning microscopy showed that PevD1 mainly localized to the plasma membrane, with cytoplasmic puncta also observed ( Supplementary Fig.  S2A ). The fluorescent lipophilic dye FM4-64 is widely used to trace endocytosis and to outline endosomes. After V. dahliae infection, partial colocalization of PevD1 and FM4-64 could be observed, indicating that PevD1 could be found on endosomes ( Supplementary Fig. S3A-E) . A fractionation assay further confirmed the presence of PevD1 in the cytoplasm ( Supplementary Fig. S3F ). V. dahliae penetrates the host through the roots but could spread through the xylem upwards to vascular tissues of leaves. Indeed, PevD1 was detected in Arabidopsis leaves 5 d after V. dahliae infection of the roots (Supplementary Fig. S2B ).
CRY2-NRP and NRP-PevD1 interact bilaterally; thus we speculated that PevD1 might interfere with the interaction of CRY2-NRP to function as an inhibitor of this specific interaction. To address this, the GST pull-down assay was performed for NRP-CRY2 in the absence or presence of PevD1. As expected, the presence of PevD1 reduced the interaction of CRY2-NRP significantly (Fig. 2C, D) .
NRP tethers CRY2 in the cytoplasm in a blue light-independent manner
Since CRY2 functions in the nucleus (Liu et al., 2016) and NRP is predominantly localized in the cytoplasm (Hoepflinger et al., 2011) , we investigated whether NRP could affect CRY2 function by changing its subcellular localization. Firstly, NRP-RFP and GFP-CRY2 were inoculated together into the leaves of N. benthamiana and their localization patterns were examined. GFP-CRY2 was used for comparison. Indeed, when coexpressed with NRP-RFP, a significant portion of GFP-CRY2 signals were detected in the cytoplasm, where it colocalized with NRP. Since CRY2 functions are generally blue light dependent, we repeated the experiment in blue light. The cytoplasmic tethering of CRY2 by NRP was not dependent on blue light. Blue light treatment did have some minor effect on CRY2 distribution in NRP-RFP GFP-CRY2 double transgenic plants, which might be due to degradation of nuclear CRY2 under blue light ( Supplementary Fig. S4 ).
To confirm the NRP-CRY2 interaction in vivo, several transgenic plants were generated. PevD1-RFP transgenic and NRP-RFP GFP-CRY2 double transgenic (OX) lines were generated, and NRP-GFP and GFP-CRY2 transgenic lines, together with nrp and cry2 null mutants (KO) were obtained (Hoepflinger et al., 2011; Yu et al., 2010) . All lines were validated by RT-PCR. Purified PevD1-RFP protein triggered the hypersensitive response on N. benthamiana leaves as PevD1 did, suggesting that the tagged protein is functional ( Supplementary Fig. S2C ).
The nucleus to cytoplasm shift of CRY2 in the presence of NRP was further confirmed in the NRP-RFP GFP-CRY2 double transgenic line (Fig. 3) . The intensity of the NRP-RFP signal appeared to be relatively low (Fig. 3B) . We postulated that NRP could have a high turnover rate in vivo, or the discrepancy between the signal intensity in tobacco and Arabidopsis could be due to the difference between the transient and the stable transgenic system. Furthermore, coimmunoprecipitation experiments for NRP and CRY2 using NRP-RFP GFP-CRY2 double transgenic plants showed that NRP and CRY2 could interact in a blue light-independent manner (Fig. 4A) . We further compared the nuclear and the cytoplasmic distribution of CRY2 in GFP-CRY2 plants with that of transgenic plants carrying both NRP-RFP and GFP-CRY2 by subcellular fractionation assay. Proteins prepared from the rosette leaves of 4-week-old plants were fractionated into the cytoplasmic and nuclear fractions and CRY2 distribution was analysed. CRY2 was detected only in the nucleus in GFP-CRY2 and in both cytoplasm and nucleus in NRP-RFP GFP-CRY2 double transgenic plants (Fig. 4B, F) . Fractionation experiments were also carried out under blue light for comparison. The results were the same as those obtained from the dark treatment (Fig. 4C, F) , suggesting that the tethering of CRY2 in the cytoplasm by NRP is blue light independent. So far, a reliable quantification of the nuclear-cytoplasmic partitioning of endogenous CRY2 in the wild-type, PevD1-RFP, and NRP-GFP transgenic plants could not be achieved, possibly due to the limited sensitivity of available anti-CRY2 antibodies. 
The interaction between CRY2 and NRP is disturbed during V. dahliae infection
Since NRP could change the subcellular localization of CRY2, and PevD1 interacts with NRP, we speculated that CRY2 localization might be influenced by PevD1 indirectly during V. dahliae infection. To address this, the localization of CRY2 was determined in V. dahliae-infected plants. In GFP-CRY2 plants, localization of CRY2 was not affected by fungal infection. In contrast, in NRP-RFP GFP-CRY2 plants, the cytoplasmic distribution of CRY2 was reduced substantially upon infection, suggesting that NRP function might be antagonized by PevD1 during infection. These experiments were also repeated under blue light. Consistent with the observation above, blue light treatment had no visible effect on NRP-CRY2 interaction upon infection (Fig. 4D-F) .
NRP rescues the dwarf phenotype of CRY2 overexpression
Our observations suggest that NRP changes CRY2 localization, which might lead to loss of function of CRY2. Since GFP-CRY2 has a dwarf phenotype with shorter height and smaller rosette, NRP-RFP was ectopically expressed in GFP-CRY2 and the phenotype was observed. In the double transgenic line, the dwarf phenotype of GFP-CRY2 was almost completely rescued (Fig. 5) . Therefore, NRP-CRY2 interaction may be required for plant development, and be modulated in the pathogenic response.
PevD1-NRP-CRY2 influences flowering time in Arabidopsis
To understand the physiological consequences of the interactions of PevD1 with NRP and NRP with CRY2, several genetic experiments were performed. Flowering-related phenotypes were documented and statistically evaluated for the OX and KO lines. cry2 null mutant is late-flowering, which is consistent with a previous report . Interestingly, PevD1-RFP plant bolted and flowered 3 d earlier than the wild-type, with statistical significance (P=0.001). In contrast, NRP-GFP was on average 4 d later than the wild-type both in bolting and flowering. Surprisingly, flowering time of nrp was not statistically different from that of the wild-type (Fig. 6A-D) . Since there are six other DCDcontaining proteins in Arabidopsis, this observation could be due to functional redundancy ( Supplementary Fig. S5) .
To explore the possible roles of PevD1-NRP-CRY2 interaction in flowering control upon V. dahliae infection, the lines used above were germinated on plates, inoculated with V. dahliae at day 7, and transplanted to soil on day 10. Compared with plants sown directly in soil (Fig. 6D) , the plants generally flowered approximately 2 d earlier even without fungal infection (Fig. 6E) . The infected wild-type flowered 4 d earlier than the untreated plants (Fig. 6E) . The infection had little influence on the flowering time of PevD1-RFP and NRP-GFP, indicating a saturation effect by overexpression of these proteins on flowering. nrp and GFP-CRY2 flowered approximately 2 d earlier upon V. dahliae infection than in the uninfected controls. The cry2 mutant flowered much later than the wild-type with or without infection (12 and 14 d, respectively), validating the role of CRY2 as a master regulator of flowering (Fig. 6E) . The flowering time of cry2 was shortened by 6 d by infection, suggesting that other regulators of flowering may also respond to V. dahliae.
A PevD1 transgenic plant is also produced in the background of cry2. The PevD1-RFP cry2 transgenic line is similar to the cry2 mutant in flowering time, i.e. late flowering yet flowering earlier upon infection, suggesting that PevD1-NRP-CRY2 interaction could play a major role in flowering control, whereas other flowering pathways are likely involved following V. dahliae infection (Fig. 6E) .
The mechanism of the PevD1-NRP-CRY2 pathway in flowering time control
It is well established that, by regulating the activation of flowering-time genes, such as CIB, CO, FT, and SOC1, CRY2 positively controls flowering time in Arabidopsis Liu et al., 2016) . qRT-PCR on these flowering genes was performed to link the observed flowering time phenotypes to the CRY2-mediated signaling cascade. Overall, timing and intensity of induction of key flowering genes in all transgenic lines and null mutants was consistent with the phenotypes observed. Except for the late-flowering NRP-GFP and cry2, a major peak for gene expression appeared at day 31 when flowering began, and a subordinate peak at day 29 was also observed in some lines, especially for FT in wild-type and PevD1-RFP (Supplementary Fig. S6 ). These data further supported the existence of a PevD1-NRP-CRY2 pathway that leads to early flowering in Arabidopsis.
Collectively, our study revealed that PevD1 functions as a fungal effector with a C2-domain-like structure, which interacts with the versatile stress-responsive protein NRP. We also showed that NRP can tether CRY2 in the cytoplasm and modulate the CRY2-dependent flowering pathway, a process that could be exploited by fungi during infection through effectors such as PevD1. A model is presented to outline these discoveries (Fig. 7) .
Discussion
The C2-like structure of PevD1 may represent a common fold of fungal toxins
In this study, we first obtained the crystal structure of a V. dahliae effector protein, PevD1. Since most reported fungal effectors have not been successfully categorized, we wanted to see if a C2-like, membrane-targeting structure could represent a typical fold. Indeed, sequence analyses identified a large family of proteins that share low homology in their primary sequences, but have highly similar three-dimensional structures ( Supplementary Fig. S2D ). These proteins comprise ~150 amino acids and contain two pairs of highly conserved disulfide bonds. Among them is Alt a 1 from Alternaria alternata, which, besides being a plant pathogen, is also a major human allergen (Salo et al., 2005) (Supplementary Fig. S7 ). Furthermore, we have recently crystallized another family member, MoHrip1, from the major rice fungal pathogen Magnaporthe oryzae, and this protein indeed shares a similar fold with PevD1 despite their low sequence homology (Zhang et al., 2013a) . We speculate that like NLPs, PevD1-like proteins may function similarly in their respective hosts during infection. It is noteworthy that PevD1 has a C2 domain-like fold, with a calcium ion in the C-terminal acidic pocket (Fig. 1D ). C2 has long been recognized as a unique lipid-binding domain, and many plant proteins with C2 domains are regulators of intracellular trafficking (Wang, 2000; Cho and Stahelin, 2005) . Furthermore, essential trafficking and signaling proteins, such as phosphoinositide 3-kinase and phosphatase and tensin homologue (PTEN), have C2-like domains in their structures that facilitate their membrane docking and protein-protein interaction (Cain and Ridley, 2009; MulgrewNesbitt et al., 2006) . It has been postulated that calcium can substitute for the magnesium ion identified in the NLP crystal structure in physiological environments to mediate docking of NLP to the target membrane (Ottmann et al., 2009b) . Thus, C2 and C2-like domains may be considered an important class of regulators in various trafficking/signaling routes, including fungal invasion of plant cells. NLP can induce pores in the plasma membrane to induce host cell damage (Qutob et al., 2006; Küfner et al., 2009; Ottmann et al., 2009a) , and can also induce plant immunity by acting as a microbe-associated molecular pattern (Oome et al., 2014) . Alt a 1 was shown to regulate the enzymatic activity of PR5 (Gómez-Casado et al., 2014) . PevD1 functions inside plant cells by interacting with NRP, but a plasma membrane nrp, cry2, . localization and interaction cannot be precluded at this stage. As fungal effectors belonging to divergent subfamilies, these proteins might have similarities in folding but have evolved different pathogenic mechanisms.
CRY2 could be cytosolically localized under specific conditions
CRY2 is a protein that undergoes blue-light-dependent phosphorylation, ubiquitination, and degradation all in the nucleus (Guo et al., 1999; Kleiner et al., 1999; Yu et al., 2007) . Interestingly, the interaction between NRP and CRY2 is independent of blue light stimulation. Considering that all known modifications of CRY2 protein, such as phosphorylation and ubiquitination, only take place in the nucleus in a blue light-dependent way, the portion of CRY2 retained by NRP in the cytoplasm might be dysfunctional. Thus the tethering of CRY2 could happen after CRY2 protein is synthesized in the cytoplasm, and can be considered a way of reducing the amount of functional CRY2 under severe stress conditions. Our physiological and genetic analyses are consistent with this hypothesis. Otherwise, the cytoplasmic CRY2 might have yet unknown functions, as in the case of CRY1. Cytoplasmic CRY1 has been reported to promote primary root growth and cotyledon expansion in blue light, thus functioning in a way distinct from nuclear CRY1 (Wu and Spalding, 2007) . Further analysis is required to elucidate the possible function of cytoplasmic CRY2.
Plants may modulate flowering time by the NRP-CRY2 pathway
How the timing of flowering is determined has been a focus of plant developmental and physiological studies, and a complex network has been constructed over time (Levy and Dean, 1998) . Nonetheless, no specific pathway has been identified to illustrate how the flowering machinery is manipulated in vivo to respond to environmental stresses. In this study, we establish a link between a fungal elicitor, PevD1, and the key regulator of flowering time CRY2, and demonstrate that they are connected by the DCD domain-containing protein NRP. We show that, by tethering CRY2 in the cytoplasm, NRP could suppress CRY2 function in flowering time control. Interestingly, expression of NRP is down-regulated prior to bolting in wild-type Arabidopsis (Hoepflinger et al., 2011) . Additionally, other DCD domain-containing proteins, such as GDA1, have similar expression patterns as NRP (Li et al., 1998) . GDA1 transcript accumulates in pea during the vegetative phase but rapidly disappears after entering the reproductive phase. The transition is mediated by a change of the light period from short to long days. Therefore, the involvement of DCD domain-containing proteins in flowering time control may represent a general pathway for flowering plants-when environmentally challenged, these proteins may interact with CRY2 or other key players to modulate flowering time. It has been known that AtNRP is a stress responsive protein (Hoepflinger et al., 2011) , and GmNRPs participate in endoplasmic reticulum and osmotic stress signaling (Costa et al., 2008) . By modulating the expression of stress-responsive NRP, plants may obtain a versatile regulation of flowering time controlled by CRY2, leading to better survival in unfavorable environments.
Fungi may target NRPs for efficient infection by PevD1-like effectors
V. dahliae is a soil-borne pathogen. The fungal mycelia enter the plant root and reach the vessels of the root vasculature, where the spores are produced and carried upward through the transpiration stream (Zhao et al., 2014) . By utilization of secreted toxins like PevD1, the fungus may gain opportunities to spread along the xylem by regulating the defense response through interaction with NRP. Unlike another well-known effector from V. dahliae, Ave1, which functions through its plasma membrane-localized receptor Ve1 (de Jonge et al., 2012; Liebrand et al., 2013) , PevD1 might enter the host cells and function by interacting with cytosolic NRP (Supplementary Figs S2 and S3) . Immunolocalization of PevD1 showed that it mainly localizes to the plasma membrane but is also present in the cytoplasm ( Supplementary  Fig. S2A ). When expressed in plant cells, either stable or transient, PevD1 also localizes in the cytoplasm or at the plasma membrane. Fungal effectors functioning through both plasma membrane-localized receptors and cytoplasmlocalized receptors have been identified, especially in rice blast fungus M. oryzae (Martin-Urdiroz et al., 2016; Yan and Talbot, 2016) . In our study, PevD1 is found to interact with cytosolic NRP, yet a potential membrane-localized receptor for PevD1 cannot be precluded. Two functionally studied effectors from V. dahliae, Ave1 and VdIsc1, play their roles in planta extracellularly and intracellularly, respectively (de Jonge et al., 2012; Liu et al., 2014) . Sequence analyses identified a large family of proteins that share similarity with PevD1 from various fungi ( Supplementary Fig. S2D ) (Salo et al., 2005) . We speculated that these PevD1-like fungal proteins might exert their function on respective hosts by a conserved mechanism. Our study shows that cry2 flowers earlier upon V. dahliae infection than when not infected (Fig. 6E) , indicating flowering regulators besides CRY2, such as the gibberellin pathway, might be affected in V. dahliae infection. Since V. dahliae secretes hundreds of effectors during infection, effectors other than PevD1, or interacting partners other than NRP, are likely involved in the modulation of flowering. It has been shown that during the infection of P. syringae and H. arabidopsidis, mis-expression of clock genes such as circadian clock-associated 1 (CCA1) and late and elongated hypocotyl (LHY) compromises basal and R-gene-mediated resistance (Zhang et al., 2013b) . More crosstalk between flowering and plant immunity is expected to be uncovered in future.
NRP is promptly induced by various stresses and is known to contribute to plant adaption in unfavorable environments (Costa et al., 2008; Hoepflinger et al., 2011) . By antagonizing NRP with PevD1, V. dahliae might acquire two advantages: firstly, the early flowering induced by PevD1 might aid the spread of spores to above-ground organs (stem and leaves). Secondly, the local HR response elicited by NRP might be antagonized and thus favor the spread of V. dahliae. Whether PevD1-null V. dahliae is more or less virulent on Arabidopsis awaits future investigation.
The dwarf and early-flowering phenotypes of GFP-CRY2 are highly similar to the phenotypes of V. dahliae-infected Arabidopsis (Veronese et al., 2003) , and we noticed that overexpression of NRP in GFP-CRY2 can almost completely restore these phenotypes (Fig. 5) . In our working model, NRP could serve as a molecular switch between vegetative growth and floral transition upon fungal invasion. Under normal growth conditions, NRP negatively regulates CRY2-mediated flowering. Upon severe V. dahliae infection, the PevD1-NRP interaction could activate the CRY2-mediated flowering pathway, leading to early flowering of the plant.
In summary, our results identify a new pathway that is exploited by V. dahliae to modulate the transition between vegetative growth and flowering in the host plant, and provide an answer to why the infection of V. dahliae in plants such as cotton and Arabidopsis can induce early flowering. New mechanisms could be uncovered about how plants evolved to modulate their developmental programs to better survive diverse stresses and proliferate, and how fungi modulate their infection strategies through versatile fungal effectors.
Supplementary data
Supplementary data are available at JXB online. Fig. S1 . Interactions of PevD1 with NRP, and NRP with CRY2. Table S1 . X-ray crystallographic data and refinement statistics for PevD1. Table S2 . Primer sequences used in this study.
Data deposition
Atomic coordinates and structural factors of PevD1 have been deposited in the RCSB Protein Data Bank under ID code 5XMZ.
Funding
XL is supported by the National Natural Science Foundation of China (31370925 and 31640024). QG is supported by the National Natural Science Foundation of China (31401179 and 31671419).
